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TECHNICAL MEMORANDUM

To: Joseph C. Kelly, Montrose Chemical Date: April 18, 2016
Corporation of California
From:  Michael Whelan, P.E., Clay Patmont, Project: 150754-01.01

Anchor QEA, LLC; and Luthy Research Group,
Stanford University

Re: Responses to Comments Received on Draft Work Plan, In-Situ Sediment
Treatment, Former United Heckathorn Site

In January 2016, Montrose Chemical Corporation of California (Montrose) and its technical
consultants submitted to the U.S. Environmental Protection Agency (USEPA) a Draft Work
Plan for In-Situ Sediment Treatment, which described Montrose’s plan for further
evaluations of in-situ sediment treatment as a potential remediation option within the
Lauritzen Channel, Former United Heckathorn Site (Site), building on promising results
from earlier laboratory studies performed on Site sediments by Stanford University. The
Draft Work Plan followed a series of meetings in 2015 between Montrose, representatives of
USEPA, and other parties, regarding the USEPA’s Draft Focused Feasibility Study (Draft
FFS). At these meetings, including one held on October 21, 2015, Montrose suggested that
the Draft FFS overemphasized the effectiveness of dredging, and that alternative remedial
technologies including in-situ treatment using activated carbon (AC) may be a more effective

remedy for at least some areas of the Lauritzen Channel.

In March 2016, Montrose received two sets of comments from USEPA and its consultants:
* Comments dated November 3, 2015, from the U.S. Army Corps of Engineers,
Engineering Research and Development Center (ERDC), regarding Montrose’s
presentation to USEPA during the October 21, 2015 project meeting; and
+ USEPA comments prepared in March 2016 on the Draft Work Plan for In-Situ

Sediment Treatment.

This technical memorandum provides responses to both sets of comments and accompanies

an updated Work Plan addressing these comments.

ED_000946_Recollect_00121046-00001



Mzr. Joe Kelly
April 18, 2016
Page 2

RESPONSES TO ERDC NOVEMBER 2015 MEMORANDUM

The ERDC memo focused on presentation materials prepared by Montrose and its consultant
team and presented at a meeting with USEPA on October 21, 2015. ERDC’s comments on
these materials are dated November 3, 2015, and thus precede the submission of the Draft
Work Plan for In-Situ Sediment Treatment by Montrose. Because Montrose only recently
received the ERDC memo, a few months after it submitted the Draft Work Plan, the plan did
not expressly address ERDC’s comments. Nevertheless, the Draft Work Plan covered a
number of the same topics in the ERDC memo, and the following sections present topic-by-

topic explanations and responses to items raised in the ERDC memo.

In-Situ Treatment Differs from USEPA’s Active Capping Option in the Draft FFS

ERDC’s comments primarily focus on the inclusion of in-situ treatment technologies using
AC as part of a properly evaluated and developed cleanup strategy for the Site. ERDC
describes how AC treatment has already been evaluated in the Draft FFS and integrated into
an amended cap concept evaluated and advanced by USEPA. However, the amended cap
application presented in the Draft FFS is different from the in-situ sediment treatment

approach that Montrose and its technical team have been exploring.

As defined by the Interstate Technology & Regulatory Council (ITRC 2014) and Patmont et
al. (2015), in-situ sediment treatment involves the application of a thin layer of amendments,
such as AC, directly to the sediment surface, either alone or in a premixed, blended cover
with clean sand and/or gravel. In-situ treatment mixes AC into and sequesters surface
sediment contaminants. In contrast, amended capping involves the placement of AC below
an erosion protection layer constructed of armor materials to isolate underlying sediment
contaminants from the surface of the cap. As discussed in the Draft Work Plan, another
benefit of an AC-based in-situ treatment amendment is that it provides additional
assimilative capacity for potential ongoing inputs of contamination to the Site that may not
be fully controlled at the time of remedy implementation, which are not possible with
amended capping. The effectiveness of in-situ treatment has been demonstrated in a wide
range of pilot and full-scale projects in the United States and Europe (ITRC 2004, Patmont et

al. 2015), some of which are explained in further detail below.
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Challenges of AC Treatment in High-Energy Settings

The ERDC memo raises possible challenges of placing AC in relatively high-energy settings,
relying on ITRC (2014) and Patmont et al. (2015). These challenges are well understood by
Montrose and its technical team; two of its technical leads (Clay Patmont of Anchor QEA,
LLGC, and Dr. Richard Luthy of Stanford University) authored these documents and are
frequent contributors to industry knowledge on the subject. However, the fact that AC is
easier to place in low-energy settings does not diminish the effectiveness of well-designed
applications that address the range of low-, medium- and high-energy environments that are
present at the Site. There are various design elements that can be applied to such higher-

energy areas, such as:

+ Using pre-wetted granular AC (GAC) with more rapid settling characteristics;

+ Using proprietary products (e.g., SediMite or AquaGate+PAC) that incorporate
binder and/or weighting agents to further promote rapid settling; and

+ Mixing GAC into blended covers employing larger grain size materials, such as

gravel, to effectively resist resuspension from potential shear stresses.

Moreover, AC surface treatments can be applied either as a direct amendment or a blended
cover to sequester hydrophobic chemicals, even while undergoing localized redistribution
from bioturbation and/or potential shear stresses. Therefore, this remedy holds promise for
the Channel.

Relevance of Example AC Application Sites

In the meeting and supporting slide set presented to USEPA on October 21, 2015, Montrose
and its technical consultants cited several project examples where AC application was
successfully performed at the pilot demonstration scale and/or at full remedial scale. Seven
example project sites were specifically mentioned in that presentation, and the projects
spanned a wide range of equipment and placement methods and environmental conditions,
including marine, brackish, and freshwater sites; tidal wetlands and mudflats; deep depths;
steep slopes; under piers; and moving water. These seven example project sites are a subset
of more than 25 in-situ treatment projects performed to date in the U.S. and Europe, and

span the range of environmental conditions anticipated within the Site (the Patmont et al.,
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[2015] article is attached to this memorandum, providing further information on other in-

situ treatment projects).

As ERDC noted, some of these example projects were performed in relatively quiescent
environments, and/or utilized AC as a portion of a multi-layer active cap or cover. For
example, the Onondaga Lake, Spokane River, Jorgensen Forge, and Leirvik Sveis Shipyard!
projects integrated AC amendment into an active cap, designed with an overlying armoring
or erosion protection layer so as to remain undisturbed by erosion and resuspension.
However, Montrose and its technical consultants did not cite these particular examples to
portray the projects’ direct similarities to the Site. Rather, these projects (among others)
demonstrate the successful placement and efficacy of in-situ sediment treatment using AC

amendments in a wide range of project environments.

Moreover, the projects at Grasse River, Mirror Lake, Berry’s Creek, and Grenlandfjords are
all examples of direct AC application to the sediment surface. In particular, Grasse River is
significant because it was so comprehensively monitored and because it demonstrated the
successful introduction of AC amendment using three different types of field application
techniques (spraying followed by rototilling; direct injection from a tine sled; and spraying

within a shroud enclosure).

The project examples demonstrate the expanding application of in-situ treatment across the
U.S. and internationally, covering a wide range of application methods and environmental
conditions. Thus, the projects in which blended covers were used to provide additional
stability for the applied AC — such as the Onondaga Lake and Greenlandsfjords projects —

demonstrate a methodology that may be suitable for application to the Lauritzen Channel.

Furthermore, Pier 7 at the Puget Sound Naval Shipyard in Bremerton, Washington (Johnson,
R.K. et al., 2013), involved the application of AC at a site with active vessel traffic. There,
powdered AC and AquaGate composite materials were successfully placed under piers. Post-
placement monitoring performed within this relatively higher-energy area with ongoing

vessel traffic (e.g., from large aircraft carriers) has demonstrated the continued effectiveness

! Tn response to ERDC’s inquiry regarding the Leirvik Sveis project, further information can be found at:
http://www.biologge.no/en/item/leirvik-sveis-2.
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of in-situ treatment in this application. Such an approach may potentially be applicable to

similar localized under-pier, higher-energy areas of the Site.

Sediment Resuspension and Deposition

The ERDC memo only briefly discusses the sediment resuspension and deposition process at
the Site, as described in the Draft FFS. Although the ERDC memo references the Tier 2
Sediment Transport Study (Tier 2 STS), the ERDC did not carry the key conclusions of that
study forward. For instance, Section 6.1 of the Tier 2 STS concludes that:

“The low energy Lauritzen Channel provides an ideal environment for deposition of

sediment.”

The Tier 2 STS further explains:

“The velocities measured during the Tier 2 field study verify that the tidal velocities
are very low, allowing for sediment deposition. The observations during the Tier 2
study verified the Tier 1 conclusion that vessel activity is the primary source of
resuspension and redistribution in the Lauritzen Channel. The tracer study provided
evidence of vessel resuspension and redistribution of sediment at the tracer locations
throughout the channel. Vessel scour analysis showed that while the vessels can scour
up to approximately 10 cm of sediment, the modeling studies showed that the greatest
portion of this sediment settles locally leading to local redistribution of contamination
within the channel. A portion of the material resuspended, particularly near the
mouth during an ebb tide, could be transported out to the Santa Fe channel; however,

the tracer and modeling study showed the mass to be negligible.”

Thus, the Tier 2 STS suggests that sediment deposition and transport processes at the Site are
similar to many of the 25 field-scale demonstrations or full-scale in-situ treatment projects
discussed in Patmont et al. (2015), indicating that AC application at the Site is a promising
remediation approach. Again, careful design analyses, including location-specific in-situ
treatment approaches to address vessel scour and other potential shear stresses (e.g., using a
blended cover option with sand/gravel) are required to ensure the effectiveness of this

approach, which is the objective of the Work Plan.
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The slide set and discussion with USEPA at the October 2015 meeting summarized the

overall concept of in-situ sediment treatment at the Site. While the ERDC memo appears to

suggest that further bench- or field-scale testing of AC is neither necessary nor prudent,

ERDC’s comments were prepared before Montrose issued its Draft Work Plan for In-Situ

Sediment Treatment, which laid out further detail and rationale regarding many of the topics

that concerned ERDC. Montrose and its technical team believe that AC surface treatment of

the Site—potentially done in tandem with targeted dredging and active capping—warrants

the further investigations proposed in the Draft Work Plan. It would be in all parties’ best

interests to fully understand all relevant technologies and approaches for attaining a

permanently successful remedy at this challenging Site.

SPECIFIC RESPONSES TO MARCH 11, 2016 USEPA COMMENTS

USEPA’s comments specifically refer to Montrose’s Draft Work Plan. The comments

received are straightforward and readily addressed. The USEPA comments are italicized and

numbered below, followed by responses.

1.

2.

Detailed SOPs for all laboratory analyses should be attached to the QAPP.

Response: Detailed SOPs for laboratory analyses and field procedures will be provided in
the final QAPP.

An EQUIS database is mentioned, but it is not clear who maintains or owns it, or what

format or fields are required for data submission.

Response: Anchor QEA will maintain the EQUIS database for this project. Additional
details of the data submission format will be provided in the final QAPP, consistent with
procedures Anchor QEA has used at other USEPA Superfund sites.

The proposal to split analytical samples between two labs at all locations exceeds the

minimum QC requirement for lab data quality verification and is acceptable.
Response: Agreed, this level of QC exceeds EPA’s minimum requirements

The work plan should discuss how passive sampling and/or biota sampling will be used to
demonstrate the effectiveness of carbon amendments at reducing the bioavailability of

the contamination present in site sediments. The specifics may be anticipated as part of
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the planning for the second field effort, but because the success of any remedial
technology will be defined by the attainment of specific remedial goals, this is worth

discussing now.

Response: Prior research performed by Stanford using passive sampling, mussel
bioaccumulation, and biodynamic modeling has demonstrated the effectiveness of AC in
reducing the bioavailability and flux of DDT in Site sediments. Performance metrics for
this remedial technology will be refined with the data to be collected under this Work
Plan. Consistent with other AC field applications throughout the U.S., performance
metrics should include porewater concentration measurements using passive sampling

devices and using these data to model flux reductions for DDT and dieldrin.

. How is the proposed “analytical modeling of potential erosion from propeller wash
forces” different from what was completed by EPA contractors as part of the Tier 2

Sediment Study?

Response: The Tier 2 STS performed by USEPA used a similar vessel scour model, but this
earlier analysis needs to be updated for different areas of the Site using location-specific
vessels, propeller sizes, operational activities, and propeller power settings. The results of
the refined analytical modeling will inform two key elements of the Work Plan: 1) the
evaluation of the probabilistic range of vessels scour (thereby refining the Tier 2 STS
conclusion that scour can extend up to approximately 10 cm of sediment, with an average
scour depth of approximately 1 to 2 cm); and 2) the development of preliminary sand
and/or gravel gradations for blended GAC that are capable of resisting erosive forces in

different vessel use areas of the Site.
. What is the DQO for the acquisition of PCB and PAH data on the sediment samples?

Response: The DQO for analyzing total PCBs and PAHs on the sediment samples is to
understand whether GAC would be effective for other Site CoCs in addition to DDT and
dieldrin
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7. What is the total mass of sediment required and how will multiple grabs be handled, if
needed, to obtain sufficient mass for all the baseline analytical and the subsequent bench

testing?

Response: The total mass required for analyses is summarized in Table 3 of the SQAPP.
The additional mass required for the split sample analyses and bench scale testing is
detailed in the SQAPP. The required mass is expected to be achievable by a single grab.
If multiple grabs are required, however, the grabs will be homogenized together as a

single sample, and aliquots will be placed in containers after homogenization.

8. How will “the most representative samples for bench scale evaluation” be selected? What

is the basis of this determination?

Response: Physical properties (e.g., grain size) and chemical concentrations of DDT and
dieldrin will be the primary parameters used to determine the representativeness of

individual samples for bench scale evaluation.

9. Given that the FFS currently includes robust source control measures along the entire
shoreline and “under pier” area, it is not clear why this work plan is proposing field

testing in this area.

Response: While we understand that USEPA is developing alternatives to attempt to
achieve effective source control in the under pier area, we remain concerned about
existing gaps in the current understanding of this area. As discussed in USEPA and ITRC
guidance, effective source control in highly developed, industrial settings has proven to
be challenging, rarely achieving full control even with full bulkhead walls. As discussed
above, a benefit of an AC-based in-situ treatment amendment is that it provides
additional assimilative capacity for potential ongoing inputs of contamination to the Site
that may not be fully controlled at the time of remedy implementation. It would be in all
parties’ best interests to fully understand all relevant technologies and approaches for
attaining a permanently successful remedy at this challenging Site. The collection of
additional subtidal sediment data in this area and bench-scale GAC testing of
representative samples will help confirm the rate and degree to which in-situ treatment
will decrease the bioavailability of DDT and dieldrin in a representative range of Site
sediments, and refine evaluations of the long-term effectiveness of in-situ treatment

alternatives for the Site.
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10.

11.

12.

The work plan has several areas where “sediment erosive potential” is discussed and the
narrative seems to focus on propeller wash associated with tugs and vessel movements.
Other disruptive forces, such as spudding and keel drags, are also anticipated to be
significant based on present uses and the recent high resolution bathymetry and side scan

sonar images.

Response: Montrose and its technical consultants understand and agree that, beyond the
more widely distributed potential for propeller wash erosion, there is a potential for
localized events such as spud disturbance and keel drag. These types of concerns are not
unique to the Lauritzen Channel, and are routinely addressed at other in-situ treatment
sites (e.g., see Patmont et al. 2015). While GAC cover designs can potentially be
developed to address these possible disturbances (e.g., “self-healing” designs), such
sediment erosion potential forces are more effectively evaluated at the field
demonstration pilot scale. The subdivision of the Site into three study areas will help to

assess these variables.

The work plan is not specific with respect to brands or types of GAC that will be
considered — do the authors plan on utilizing already commercially available products
that have been specifically developed for sediment remediation purposes (e.g., SediMite,

AquaGate, or similar)?

Response: We currently envision that commercially available GAC products such as
AquaCarb 1240 will be used for this Work Plan. At this time, we do not intend to use
specialty AC products, such as SediMite or AquaGate+PAC, for this Work Plan.
However, specialty AC products remain options for certain localized situations (e.g.,
under-pier applications) that may be addressed in either the field pilot or during remedial

design.

Sections 2 and 3 include discussion of current and potential future uses related to vessel
sizes and activities; however, there does not appear to be any mention of maintenance

dredging that would inevitably be required if the current channel usage is continued.

Response: We understand that the Levin-Richmond Terminal Corporation currently has
plans to dredge berth areas adjoining their wharf along the Site’s eastern bank, and the
potential for future maintenance dredging in this area should be incorporated into the

overall remedy for the Site. Cost-effective placement of AC can either be performed
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13.

14.

prior to or immediately after maintenance dredging, depending on the optimal sequence
of Site maintenance, development and cleanup activities. As demonstrated by the U.S.
Army Corps of Engineers and others at similar navigation dredging sites, incorporation of

AC into the dredged material provides additional environmental benefits.

The discussion in section 3 beginning with “Notwithstanding the erosive potential at the
Site...” seems to dismiss what is currently known about vessel resuspension at the site
and seems to contradict guidance and standard practices that indicate in-situ treatments
tend to work best in low-energy environments where the potential for erosion is

minimal.

Response: A key objective of this Work Plan is to determine the effectiveness and
optimal method of GAC application to different areas of the Site, balancing erosion
potential and other location-specific characteristics, such as potential ongoing sources.
As discussed above in response to ERDC comments, guidance and standard practices
indicate that GAC can be effectively applied in higher energy environments either as a
blended cover designed to resist erosion potential or as a direct amendment. In the latter
scenario, periodic mixing of surface sediments (e.g., from propeller wash) typically
enhances the effectiveness of GAC, provided that potential resuspension of the
GAC/sediment mixture results in only localized redistribution, as EPA’s Tier 2 STS
suggests. The effectiveness of GAC application compared to other remedial alternatives

(e.g., dredging) in different areas of the Site will be evaluated as part of this Work Plan.

The work plan does not appear to acknowledge any type of maximum anticipated
concentration that could be potentially be addressed with a carbon amendment. Some
discussion of this, even if it is simply a more explicit discussion of how such a limit will

be determined, should be included.

Response: Another key objective of this Work Plan is to determine the effectiveness of
GAC at different sediment DDT and dieldrin concentrations, using proposed performance
metrics including porewater concentration and flux reductions for DDT and dieldrin. See

response to Comment 4.
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CONCLUSIONS

Montrose has provided specific responses to comments and questions raised by both ERDC
and USEPA in the sections above. ERDC’s comments were prepared before Montrose issued
its Draft Work Plan for In-Situ Sediment Treatment, which laid out further detail and

rationale regarding many of the topics that concerned ERDC.

In summary, Montrose and its technical team believe that AC surface treatment of the Site—
potentially done in tandem with targeted dredging and active capping—warrants the further
investigations proposed in the Draft Work Plan. It would be in all parties’ best interests to
fully understand all relevant technologies and approaches for attaining a permanently

successful remedy at this challenging Site.
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technology that is ready for full-scale application at a range
of sites.

INTRODUCTION

Sediments accumulated on the bottom of a waterbody are
recognized as sinks for toxic substances and bioaccumulative
chemicals and can be long-term reservoirs for chemicals that
can be transferred via the food chain to invertebrates and fish
(USEPA 2005). Establishing effective methods to reduce the
ecological and human health risks contaminated sediment
poses has been a regulatory priority in North America, Europe,
and elsewhere since the 1970s. Indeed, demonstrating risk
reduction that isconvincing to all stakeholders using traditional
dredging and isolation capping approaches has been challeng-
ing (NRC 2007, Bridges et al. 2010). Although traditional
approaches will continue to be an integral part of sediment
cleanup remedies (e.g.,, when contaminated sediments are
present in unstable environments), new remediation ap-
proaches are needed to either supplement or provide
alternatives to existing methods.

In situ sediment treatment via contaminant sequestration and
immobilization generally involves applying treatment amend-
ments onto or into surface sediments (Luthy and Ghosh 2006;
Supplemental Figure S1). This paper reviews the considerable
advances in engineering approaches used to apply activated
carbon (AC)-based treatment amendments in situ; summarizes
field-scale demonstration pilots and full-scale applications
performed through 2013; and describes lessons learned on the
most promising application options. This paper also discusses
the need for a balanced consideration of the potential benefits,
ecological effects, and costs of in situ treatment using AC
relative to other sediment cleanup technologies. The results of
this work aim to identify a common set of features from
engineering, chemistry, and ecology that could help guide and
advance the use of in AC-based in situ sediment treatment in
future sediment remediation projects.

TREATMENT AMENDMENTS AND MECHANISMS
Beginning in the early 2000s, encouraging results from
laboratory tests and carefully controlled, smali-scale field
studies generated considerable interest in remediating, or
managing, contaminated sediments in situ. Mechanisms to do
50 mainly suggested sorptive treatment amendments such as
AC, organoclay, apatite, biochar, coke, zeolites, and zero
valent iron (USEPA 2013a). Three of these amendments—
AC, organoclay, and apatite—have been identified as partic-
ularly promising sorptive amendments for in situ sediment
remediation (USEPA 2013b). Of these, AC has been used
more widely in laboratory experiments and field-scale
applications to control dissolved hydrophobic organic com-
pounds (HOCGCs). This is largely because AC has been used
successfully for decades as a stable treatment medium for
water, wastewater, and air, and because early testing of
sediment treatment with AC showed positive results.
Laboratory testing and field-scale applications of AC have
demonstrated its effectiveness in reducing HOC bioavailability.
Both natural and anthropogenic black carbonaceous particlesin
sediments, including soot, coal, and charcoal strongly bind
HOCs, and the presence of these particles in sediments hasbeen
demonstrated to reduce biouptake and exposure substantially
(Gustafsson et al. 1997; Cornelissen et al. 2005). Using
engineered black carbons such as AC augments the native

sequestration capacity of sediments, resulting in reduced insitu
biocavailability of HOCs. When AC is applied at optimal, site-
specific doses (oftensimilar to the native organic carbon content
of sediment), the porewater concentrations and bioavailability
of HOCs can be reduced between 70% and 99%. Furthermore,
AC-moderated HOC sequestration often becomes more
effective over time due to progressive mass transfer (Millward
et al. 2005; Zimmerman et al. 2005; Werner et al. 2006; Sun
et al. 2009; Ghosh et al. 2011; Cho et al. 2012).

Given these promising results, in situ sediment treatment
involving the use of AC amendments is receiving increased
attention among scientists, engineers, and regulatory agencies
seeking to expand the list of remedial technologies and address
documented or perceived limitations associated with traditional
sediment remediation technologies. Based on the authors'
review, AC is now the most widely used in situ sediment
sequestration and immobilization amendment worldwide.

A previous review of the in situ AC remediation approach
(Ghosh et al. 2011) reported the results of laboratory studies
and early pilot-scale trials, summarized treatment mecha-
nisms, highlighted promising opportunities to use in situ
amendments fo reduce contaminant exposure risks, and
identified potential barriers for using this innovative technol-
ogy. Another critical review by Janssen and Beckingham
(2013) summarized the dependence of HOC bioaccumulation
on AC dose and particlesize, as well as the potential impacts of
AC amendments on benthic communities (e.g., higher AC
dose and smaller AC particle size further reduce bioaccumu-
lation of HOCs but may inducestress in some organisms). This
paper builds on these earlier reviews, focusing on design and
implementation approaches involving the use of AC for insitu
sediment treatment and summarizing key lessons learned.

DEMONSTRATING EFFICACY IN THE FIELD

Until recently, a primary challenge for full-scale in situ
treatment remedies has been that most experience has
emerged from laboratory and limited field pilot studies.
Through 2013, however, more than 25 field-scale demon-
strations or full-scale projects spanning a range of environ-
mental conditions were completed or underway in the United
States, Norway, and the Netherlands (Table 1 and Figure 1).

Among the more than 25 projects, field demonstrations in
the lower Grasse River (Massena, NY, USA) and upper Canal
Creek (Aberdeen, MD, USA) included the most comprehen-
sive assessments and available documentation of the longer-
term efficacy of the in situ AC remediation approach, although
similar results have been reported for many of the other field
projects. For this reason, the lower Grasse River and upper
Canal Creek field demonstrationsreceive the greatest attention
here, as summarized below.

Demonstration in lower Grasse River, Massena, New York

An AC pilot demonstration was conducted in the lower
Grasse River as part of a program designed to evaluate available
sediment cleanup options for the site. The demonstration
study evaluated the effectiveness of AC asameans tosequester
sediment polychlorinated biphenyls (PCBs) and reduce flux
from sediments and uptake by biota.

The project began with laboratory studies and land-based
equipment testing, and continued with field-scale testing of
alternative placement methods. It culminated in a 2006 field
demonstration of the most promising AC application and mixing
methods to a 0.2-hectare pilot area of silt and finesand sediments
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layer. The tine sled application achieved more spatially
(laterally) uniform doses, with an average AC concentration
delivered to the 0- to 15-cm sediment layer of approximately
6.1- 0.8% AC (dry wt;— 1 standard error around the mean
based on core and surface grab sample data). This target (and
applied) dose was approximately 1.57 the native organic
carbon content of the lower Grasse River. Cost comparisons of
the different placement techniques indicate the tine sled unit
would be a more cost-effective delivery method under full-
scale deployment.

Detailed post-construction monitoring of the AC pilot area
was performed in 2007, 2008, and 2009 (Beckingham and
Ghosh 2011). Key findings are summarized below:

it AC addition decressed sediment porewater PCB concen-
trations, and reductions improved during the 3-year, post-
placement monitoring period. Greater than 99% reduc-
tions in PCB aqueous equilibrium concentrations were
observed during the third year of post-placement monitor-
ing in plots where the AC dose in the 0- to 15-cm layer was
4% or greater (Figure 2), effectively demonstrating that
PCB flux from sediments to surface water was almost
completely contained.

¥ AC addition decreased PCB bioavailability as measured by
in situ and ex situ biocaccumulation testing (using
Lumbriculus variegatus). The overall decrease improved
during the 3-year, post-placement monitoring period, with
greater than 90% reductions observed during the third year
of post-placement monitoring in plots where the AC dose
in the 0- to 15-cm layer was greater than 4% (Figure 2).

I Benthic recolonization occurred rapidly after application
and no changes to the benthic community structure or
number of individuals were observed in AC amendment
plots relative to background (Beckingham et al. 2013).

It In laboratory studies using site sediment, aquatic plantsgrew
at a moderately reduced rate (approximately 25% less than
controls) in sediment amended with a dose of greater than
5% AC. The reduced growth rate was likely attributable to
nutrient dilution of the sediment (Beckingham et al. 2013).

If Although other project data (not shown) indicated the AC
amendment slightly increased the erosion potential of
sediments (although within the range of historical data for

native sediments), all of the delivered AC remained in the
sediments throughout the 3-year, post-placement mon-
itoring period.

It Up to several centimeters of relatively clean, newly
deposited sediment accumulated on the sediment surface
in the pilot area over the 3-year, post-placement monitor-
ing period. Passive sampling measurements revealed a
downward flux of freely dissolved PCBs from the overlying
water column into the AC amended sediments throughout
the post-construction monitoring period. This suggested
that the placed AC will continue to reduce PCB flux from
sediments in the long term.

Demonstrations in upper Canal Creek, Aberdeen Proving
Ground, Maryland

Two interrelated, pilot-scale, field demonstration projects
were performed in 2011 to evaluate AC amendment additions
to hydric soils at a tidal estuarine wetland in upper Canal
Creek, at the Aberdeen Proving Ground, Maryland. (A third,
separate treatment study was also carried out in the
channelized portion of lower Canal Creek, but those resuits
are only described minimally here.)

The first demonstration pilot (Menzie et al. 2014 ) evaluated
in situ treatment with SediMite’ pellets, a proprietary system
for delivering powdered AC treatment materials with a
weighting agent and an inert binder (Ghosh and Menzie 2010
2012). The second demonstration pilot (Bleiler et al. 2013)
evaluated two different powdered AC-bearing treatment
materials: AquaGate + PAC™ (AquaGate) and a slurry con-
taining AC. The proprietary AquaGate product typically
includes a dense aggregate core, along with clay-sized materials,
polymers, and powdered AC additives. For both field demon-
strations and all AC-bearing materials, the objective was to
reduce PCB exposure to invertebrates living on or within surface
sediments of the wetland area and thus reduce exposure fo
wildlife that might feed on these invertebrates.

All three AC-containing treatment materials for these pilot
projects were applied onto the surface of the wetland and creek
sediments during seasonal and tidal conditions with littleor no
overlying water. A total of 20 plots (each 81 78 meters) were
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Figure 2. Reductions in porewater and worm tissue PCB concentrations at lower Grasse River, NY.
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used for the demonstration projects; sampling was conducted
prior to application and at 6 and 10 months following
application. Performance measurements used in one or both
of the pilot projectsincluded porewater and macroinvertebrate
tissue PCB concentrations; phytotoxicity bioassays; ecological
community abundance, diversity, and growth surveys; and
nutrient uptake studies. Treatment efficacy was evaluated by
comparing pre- versus post-treatment metrics and by evaluat-
ing treated plots relative to control (no action) and conven-
tional sand cap plots.

The three treatment materials—SediMite' , AquaGate, and
AC in a slurry—were applied using a pneumatic spreader, a
bark blower, and a hydroseeder, respectively (Supplemental
Figure S3). Figure S3 also shows a barge-mounted agricultural
spreader that was used to demonstrate delivery of SediM ite' to
a portion of lower Canal Creek.

For both field demonstrations and all AC-bearing materials,
the treatment goal was to achieve a 3% to 7% (dry wt) AC
concentration in wetland surface sediment, which was opera-
tionally defined as the upper 10cm (SediMite1 studies) and
15¢cm (AquaGate and slurry studies). Because the materials
contained different amountsof AC, the applications differed in
target thickness on the wetland surface. SediMite' contains
approximately 50% AC by dry weight, so the target dose of 5%
in the top 10cm of sediment resulted in a target amendment
layer thickness of roughly 0.7cm. In contrast, AquaGate
contained a coating of 5% powdered AC and was thusapplied
as a thicker 3-cm to 5-cm target layer over the sediment. The
slurry system delivered roughly 0.2¢cm to 0.5cm of concen-
trated AC on the surface of the marsh. All of the treatments
relied on natural processes (bioturbation, sediment deposition,
and other physical processes) to mix AC placed onto the
sediment surface into the wetland and creek sediment over
time (see post-construction monitoring discussion below).

The AC amendments were applied effectively onto
wetland and creek sediments in all of the applications.
Measurements made over time indicated that close to 100%
of the AC was retained within the plots, but vertical mixing
into native wetland sediments via natural processes was
slower than originally anticipated. As a result of low
bioturbation rates, AC applied in more concentrated forms
(ie., as SediMite' and as AC in a slurry) remained at
concentrations greater than the target dose of 5% in the
upper 2cm of the wetland sediment layer 10 months
following application (Supplemental Figure S4). During
the 10-month, post-application monitoring period, AC was
incorporated into the biologically active zone largely from
localized root elongation processes (Bleiler et al. 2013).
Based on the two post-application monitoring rounds,
approximately 60% of the recovered AC was found in the
top 2cm of sediment, whereas the remaining 40% penetrated
mostly in the 2- to 5-cm depth interval. It is expected that
further incorporation of the AC into the deeper layers of
sediment will occur slowly over time via natural mixing
processes and deposition of new sediment and organic
matter.

The effectiveness of the AC amendments applied to the
upper Canal Creek wetlands was assessed by measuring
reductions in PCB concentrations in porewater (in situ
measurements) and macroinvertebrate tissue (ex situ bioaccu-
mulation testing). PCB concentrations exhibited a large spatial
variability (1 order of magnitude) and vertical variability (up to
2 orders of magnitude within a sediment depth of 20cm) in

sediments across the plots, which was asite condition before the
AC was applied. This finding posed some challenges in
interpreting data and was therefore taken into account when
evaluating other metrics. The findings of the upper Canal Creek
demonstration pilot are reported in detail in Menzie et al.
(2014) and Bleiler et al. (2013).

Regardiess of the above challenges, all AC-treated wetland
plots showed reduced PCB bioavailability as measured by
reductions in both benthic organism tissue and porewater
concentrations during the post-application monitoring period.
In addition, no significant phytotoxicity or changes in species
abundance, richness or diversity, vegetative cover, or shoot
weight or length were observed between the AC treatmentand
control plots. Furthermore, plant nutrient uptake in the AC
treatment plots was not significantly lower than control plots.
Although the overall findings of these pilot projects suggest
that adding AC can sequester PCBs in wetland sediments,
more monitoring will take place given the slow mixing of the
placed AC into the underlying wetland and creek sediments.

The lower Grasse River and upper Canal Creek projects,
along with the other field-scale projects summarized in Table 1,
collectively demonstrate the efficacy of full-scale in situ
sediment sequestration and immobilization treatment technol-
ogies. Such efforts reduce the bicavailability and mobility of
several HOC and other contaminants, including PCBs, poly-
nuclear aromatic hydrocarbons, dioxins and furans, tributyltin,
methylmercury, and similar chemicals. Results from these field
applications indicate that in situ treatment of contaminants can
reduce risks rapidly by addressing key exposures (eg.,
bicaccumulation in invertebrates), often becoming more
effective over time due to progressive mass transfer.

APPLICATION METHODS AND EXAMPLES

The AC application projects summarized in Table 1
involved placing amendments using several options that fall
into two broad categories (Figure 3):

1) Direct application of a thin layer of sorptive, carbon-based
amendments (which potentially incorporates weighting or
binding materials) onto the surface sediment, with or
without initial mixing

2) Incorporating amendments into a pre-mixed, blended
cover material of clean sand or sediment, which is also
applied onto the sediment surface

Although these approaches have several differences, the
ultimate goal of both is to reduce exposure of benthic
organisms to HOCs in sediment and reduce HOC flux from
sediment into water (Figure 3). Under either approach, the
applied AC may mix eventually throughout the biologically
active layer via bioturbation. Application methods are
described further in the next sections.

Direct application method

Using this approach, the bioavailability of HOCs in surface
sediments is reduced by directly applying a strong carbon-
based sorbent such as AC. At the lower Grasse River, upper
Canal Creek, and many other field demonstration or fuli-scale
projects (Table 1), AC amendment was applied successfully
using several methods with or without mixing, weighting
agents, inert binders, or other proprietary systems. The specific
application method was optimized to site-specific conditions.
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Figure 3. Direct amendment versus blended cover application methods for in situ sorbent application.

Adding weighting agentsor inert binderscan often improve the
placement accuracy of finer-grained AC materials.

When the amendment introduced consists primarily of the
sorbent, the direct application approach introduces minimal
new material (an advantage), with little or no change in
bathymetry or ecological habitat including the sediment's
physical and mineralogical characteristics. Applyingamendment
to sediment surfaces also allows for some capacity to treat new
contaminated sediments that may be deposited after construct-
ing the remedy. Thisapproach may have particularadvantagesat
ecologically sensitive sites, where maintaining water depth is
critical, and also where the potential for ercsion is low.

The Delaware Department of Natural Resources and
Environmental Control conceived and funded the first full-
scale example of direct placement of AC in the United States,
which was implemented in Mirror Lake, a reservoir on the St.
Jones River in Dover, Delaware (Table 1; Site 23). The
sediment cleanup remedy at this site aimed to enhance the
sorption capacity of nativesediments in the lake, such that PCB
bicavailability to the food chain is reduced without greatly
altering the existing sediment bed. The remedy included
placing SediMite' over an approximate 2-hectare area in the
lake and river, along with integrated habitat restoration
(DNREC 2013).

Placing AC at Mirror Lake was performed in the fall of 2013
using two application methods (Supplemental Figure S5): a
Telebelt' application for the most accessible parts of the lake

andan air horn device to pneumatically deliver SediMite' from
a boat and along nearshore areas. Heavy equipment could not
be deployed in the lake due to shallow water depth (averaging
roughly 1 meter), as well as soft bottom sediments. The
SediMite' application was completed safely in approximately
2 weeks. The target (and measured) thickness of the applied
SediMite’ material was approximately 0.7cm, with the
material expected to integrate naturally into the surficial
sediment over time. Grab samples (13 stations) were collected
from the top 10cm of sediment in the lake 2 weeks after
application to measure AC based on a method described in
Grossman and Ghosh (2009). Applying SediMite" achievedan
average AC dose of 4.3— 1.6% (Supplemental Figure S6).

Blended cover application method

The blended cover application method is a variation of the
enhanced natural recovery remedy described by the US
Environmental Protection Agency (USEPA 2005). In this
approach, the carbon-based sorbent material is premixed with
relatively inert materials such as clean sand or sediment and
placed onto the contaminated sediment surface. Although this
approach involves introducing materials in addition to the
sorbent, it may have advantages at sites where a more spatially
(vertically and laterally) uniform application of AC to the
sediment surface is desired (because the AC can be mixed
more thoroughly with the sand or sediment) or where more
rapid control of HOC flux is desired.
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Laboratory experiments and modeling studies (Murphy
et al. 2006; Eek et al. 2008; Gidley et al. 2012), as well as field
demonstrations (McDonough et al. 2007; Cornelissen et al.
2011, 2012) have confirmed the effectiveness of the blended
cover application approach in reducing flux of mobile HOCs.
At sites where additional isolation or erosion protection of
underlying contaminated sediments may be needed, a related
but separate option is to apply the sorbent as a layer within a
conventional armored isolation cap. This paper, however, does
not review either conventional or reactive isolation caps as
defined by the USEPA (2005).

A full-scale example of blended AC application began in
2012 at Onondaga Lake, located in Syracuse, New York. The
sediment cleanup remedy included placing bulk granular AC
(GAC) blended with clean sand over approximately 110
hectares of lake sediments, along with related armored
capping, dredging, and habitat restoration actions (NYSDEC
and USEPA 2005; Parsons and Anchor QEA 2012). Full-scale
implementation began following a successful field demonstra-
tion in fall 2011 and is currently scheduled to be completed in
2016.

Placing the blended GAC material in Onondaga Lake is
being accomplished using a hydraulic spreading unit with
advanced monitoring and control systems capable of placing
approximately 100 cubic meters per hour of material in 6-
meter-wide lanes (Figure 4). Granular AC amendment is
mixed withsand and hydraulically transported and spread over
sediment (average water depth of approximately 5 meters)
through adiffuser barge. The GAC is presoaked forat least 8 hr
prior to hydraulic mixing with the sand, to improve the
settlement of the GAC through the water column. The
spreader barge isequipped with an energy diffuser to distribute
the blended materials evenly. The spreader barge incorporates
electronic position tracking equipment and software so that
the location of material placement can be tracked in real time.
The spreader barge is also equipped with instruments for
measuring the density of the slurry and the flow rates, which
together provide the instantaneous production rate of the
blended material being placed. Granular AC application rates
are also tightly controlied and monitored using peristaltic
metering pumps and a slurry density flow meter. The land-
based slurry feed system is metered to the desired GAC dose.

Through the first 2 years of the 5-year construction project,
the blended GAC material was placed in Onondaga Lake

Figure 4. Hydraulicspreading application unit at Onondaga Lake, Syracuse, NY.

without any detectable losses to the water column. Verifying
GAC placement was performed using both in situ catch pans
located on the sediment surface prior to placement, as well as
cores collected after placement. Results of these verifications
demonstrated that the GAC was placed uniformly both
horizontally and vertically within the sand layer applied to the
lake (Supplemental Figure S7).

SITE EVALUATION AND DESIGN CONSIDERATIONS

The more than 25 field-scale demonstrations or full-scale
projects performed through 2013 span a range of application
methods and environmental conditions (including marine,
brackish, and freshwater sites; tidal wetlands and mudflats;
deep depths; steep slopes; under piers;, and moving water
[Table 1]). Collectively, these projects demonstrate the
efficacy of in situ sediment treatment using sorptive, carbon-
based amendments, particularly AC. As a result, in situ
sediment treatment using AC is ready for full-scale application
at a range of sites, subject to careful site-specific design
analyses, generally as outlined in the next paragraphs.

To determine if site conditions are favorable for AC
amendment, relatively simple bench testing of AC amend-
ments can be performed by mechanically mixing AC into the
sediments and performing straightforward porewater or
bioaccumulation testing (e.g., Sun and Ghosh 2007). Short-
term bench testing performed in this manner can rapidly
identify sediment sites that are amenable to sediment treat-
ment with AC and can be coupled with focused modeling or
column studies to evaluate HOC behavior associated with
groundwater flux. Bench testing can also be used to optimize
AC materials (e.g., grain size or porosity) and dosing based on
site-specific conditions. (Note that at most of the sites listed in
Table 1, optimal AC doses were similar to the native organic
carbon content of sediment.)

Although much has been learned to date, additional focused
field-scale demonstrations may be particularly helpful to
evaluate certain site-specific HOCs such as dioxins, furans,
and methylmercury for which treatment effectiveness hasbeen
either variable or slow to develop (i.e., after the AC is mixed
in) and in environments where sorptive carbon-based amend-
ments have not yet been piloted (e.g., high-energy, erosion-
prone locations). It isalso important to note that at some sites,
AC application may not provide additional protection
compared to traditional sediment cleanup technologies. For
example, mixing AC into a blended cover at Grenlandsfjords,
Norway resulted in only marginal additional dioxin and furan
flux reductionsat 9 and 20 months compared with unamended
clean sand or sediment cover materials, attributable in part to
relatively slow sediment-to-AC transfer rates for large
molecufar volume dioxins and furans (Cornelissen et al.
2012; Eek and Schaanning 2012).

Based on a critical review of the results of the field-scale
projects listed in Table 1, specific-siteand sediment character-
istics can reduce the effectiveness of AC application compared
to other potential sediment cleanup technologies. These
characteristics include (but are not likely limited to) relatively
high native concentrations of black carbonaceous particlesand
slow sediment-to-AC transfer rates for relatively large
molecular volume HOCs (Choi et al. 2014). Properly
accounting for these and factors such as erosional forces and
mixing or bioturbation in site-specific AC application design is
necessary to ensure the effectiveness of the in situ remedial
approach.
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Experimental, modeling, and long-term monitoring lines of
evidence from the case studiessummarized in Table 1 have all
confirmed that the effectiveness of AC applications increases
over time at sites where there is not asignificant flux from the
underlying sediment to the surface. In many settings, full
treatment effectiveness of AC amendments is achieved years
after installation (e.g., Werner et al. 2006; Cho et al. 2012).
The delay can be caused by (among other factors) the
heterogeneity of AC distribution (even on a small scale),
particularly at sites with relatively low bioturbation rates, as
well as progressive mass transfer (Figure 5).

Site-specific evaluations of natural sediment deposition and
bioturbation rates (as well as ongoing contaminant sources)
and their effect on AC mixing and resultant restoration time
frames are important design factors in developing appropriate
site-specific in situ treatment strategies. Rates of natural
sediment deposition and bioturbation-induced mixing of AC
into the biologically active zone vary widely between sediment
environments. For example, surface sediment bioturbation
rates have been shown to vary more than 2 orders of magnitude
between sediment environments, with relatively lower ratesin
wetlands and offshore sediments and relatively higher rates in
productive estuaries and lakes (e.g., Officer and Lynch 1989;
Wheatcroft and Martin 1996; Sandneset al. 2000; Parsons and
Anchor QEA 2012; Menzie et al. 2014). If refatively slow rates
of natural deposition and mixing are anticipated, applying AC
directly could be staggered over multiple applications to
incorporate the amendment more evenly into the depositing
sediments, albeit with potential cost implications.

As the USEPA (2005), NRC (2007), Bridges et al. (2010),
ITRC (2014), and others have emphasized, the effectiveness of
all sediment cleanup technologies depends significantly on
sediment- and site-specific conditions. For example, resuspen-
sion and release of sediment contaminants occurs during
environmental dredging, particularly at sites with debris and
other difficuit dredging conditions (Patmont et al. 2013).
Optimizing risk management at contaminated sediment sites
can often be informed by comparative evaluations of sediment
cleanup technologies applied to site-specific conditions, con-

sidering quantitative estimates of risk reduction, risk of remedy,
and remedy cost (e.g., Bridges et al. 2012). A hypothetical
comparative risk reduction evaluation is presented in Figure 6
and highlights some of the short- and long-term tradeoffs that
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Figure 5. Modelsimulations of porewater PCB concentration reductions with
different mixing scenarios (adapted from Cho et al. 2012).

can occur between different sediment remediation technolo-
gies. Consistent with the example presented in Figure 6, at
many sites, AC placement can achieve risk reductionssimilar
to conventional capping but at a lower cost (see below), and
may also provide better overall risk reduction than environ-
mental dredging. Although Figure 6 presents a relatively
common sediment remedial alternatives evaluation scenario
in North America, it is important to note that site-specific
conditions will result in varying risk reduction outcomes
from alternative sediment remedies.

POTENTIAL NEGATIVE ECOLOGICAL IMPACTS

The acceptability of any sediment remediation option will
depend on whether the benefits of the approach outweigh
potential adverse environmental or ecological impacts, com-
pared to other options. Because in situ treatment technologies
involve adding a new material to sediments, in situ remedies
have the potential to impact the native benthic community and
vegetation, at least temporarily. A recent review by Janssen and
Beckingham (2013) found that impacts to benthic organisms
resulting from AC exposure were observed in one-fifth of 82
tests (primarily laboratory studies). Importantly, community
effects have been observed more rarely in AC field pilot
demonstrations compared to laboratory tests and often
diminish within 1 or 2 years following placement (Cornelissen
et al. 2011; Kupryianchyk et al. 2012), particularly in
depositional environments where new (typically cleaner)
sediment continues to deposit over time.

Although applying refatively higher AC doses or smaller AC
particle sizes provide greater bioaccumulation reductions of
HOCs, higher doses and smaller particle size may induce
greater stress in some organisms (Beckingham et al. 2013).
Negative impacts to benthic macroinvertebrates and aquatic
plants resulting from adding AC, particularly at relatively high
doses, may be attributable to nutrient reductions associated
with AC amendment.

Although the available dose—dependent effects data for AC
are not comprehensive, field trials and experimental studies
suggest that potential negative ecological effects can be
minimized by maintaining finer-grained AC doses below
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Figure 6. Hypothetical comparative net risk reduction of alternative sediment
remedies. Example presented for illustrative purposes using the following fate
and transport model input assumptions: average environmental dredge
production rate of 400 m® per day and release of 3% of the PCB mass dredged
(Patmontet al. 2013); average water flow through the cleanup area of 500 m®
per second; implementation of effective upstream source controis; net
sedimentation rate of 0.1 cm per year; and typical PCB mobility and
bioaccumulation parameters.
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Table 2. Summary of low- and high-range unit costs of AC application®

Cdmbbhéni

fActwated Carbcn

:Fac.lhtatmg AC Placement Usmg BmderANexghtmg Agents
Facnlltatmg AC Placement by Blendmg wtth Sedlment or Sandc
Field Placement . ‘ '

'Long-term Momtormg

Total

Low-range Unit Cost * ﬁ‘;High-‘r'a‘n‘géunit Cost

50, ODOIhectare 8100, ooa/hectare
 Subeoae ~  ;‘ $79 QOOihectare .

. i‘~$0/ﬁéct‘é’re‘ - 5 00, OOOIhectare

. 3:;“;$3(3 ooofhectal’e i$200 ooelhectare

520, OOOIhectare ;  $100 OOOIhectare

. f,k'$190,9001hectare . ~!~1$5(30,000lhectare~ .

*Estimated costs for a 4 percent AC dose (dry weight basis) over the top 10-cm sediment layer at a 5-hectare site.

®Powdered activated carbon (PAC) and/or granular activated carbon (GAC), depending on site-specific designs.

“To facilitate AC placement, binder or weighting agent amendmentssuch as SediMite’ or AquaGateTM, or clean sediment or sand (but typically not both) may
be required in some applications depending on site-specific conditions and designs.

4High-end monitoring cost of $100,000 per hectare reflects prior pilot projects and likely overestimates costs for full-scale remedy implementation.

approximately 5% (dry wt basis; e.g., see discussion of the
lower Grasse River AC demonstration). Similar to the net risk
reduction comparisons summarized in Figure 6, the positive
effects of reduced biocaccumulation of HOCs need to be
balanced against potential negative short-term impacts. In
addition, site-specific outcomes from in situ AC applications
should be compared with outcomes resulting from other
remediation approaches such as dredging and conventional
capping, which are often greater than those resulting from in
situ treatment.

RELATIVE SUSTAINABILITY OF DIFFERENT CARBON
AMENDMENTS

Although amendments produced from different carbon
source materials often exhibit similar effectiveness and
negative ecological effects, different types of carbon amend-
ments have different sustainability attributes. For example,
life cycle analyses have demonstrated that AC produced from
anthracite coal is less sustainable than AC produced from
biomass feedstock (Sparrevik et al. 2011; e.g., agricultural
residues), even though anthracite-derived AC may bind
HOCs very effectively (Josefsson et al. 2012). One important
positive effect of biomass AC related to sustainability is that
its carbon is sequestered and removed from the global carbon
cycle (Sparrevik et al. 2011). Even better sustainability
outcomes can result from using non-activated pyrolyzed
carbon, or “biochar” (Ahmad et al. 2014), because consid-
erable amounts of energy are required for the activation
process. However, the sorption capacity of biochars for many
HOCs is more than an order of magnitude lower than AC
(Gomez-Eyles et al. 2013).

COsT

Based on a critical review of the field-scale projects listed in
Table 1 for which adequate cost information was available, we
summarized approximate low- and high-range unit costs for a
full-scale AC application to a hypothetical 5-hectare sediment
cleanup site. Cost summaries for the primary implementation
components, not all of which may be needed at a particular
site, are summarized in Table 2. Based on thissummary, AC
application is often likely to be less costly than either
traditional dredging or cappingapproaches. Again, site-specific
conditions can result in varying cost outcomes from alternative
sediment remedies.

CONCLUSION

In situ sediment treatment using AC can rapidly address key
exposures (e.g., bicaccumulation in invertebrates and fish),
often becoming more effective over time due to progressive
mass transfer. Due to its relatively large surface area, pore
volume, and absorptive capacity, AC has a decades-long track
record of effective use as astable treatment medium in water,
wastewater, and air. As such, AC is well suited for in situ
sequestration and immobilization of HOCs in various sedi-
ment environments.

When designed correctly to address site-specific conditions,
controlled (accurate and spatially uniform) placement of AC-
bearing treatment materials has been demonstrated using a
range of conventional construction equipment and delivery
mechanisms and in a wide range of aquatic environments
(Table 1), including wetlands. When contaminated sediments
are present in unstable environments, traditional capping or
dredging remedies might be the preferred option. Depending
on sediment and site conditions, however, using AC can
achieve short-term risk reduction similar to conventional
capping and better overall risk reduction than environmental
dredging, with lower costs and environmental impacts than
traditional sediment cleanup technologies.

With a growing international emphasis on sustainability, in
situ sediment treatment remedies offer an opportunity to
realize significant environmental benefits, while avoiding the
environmental impacts often associated with more invasive
sediment cleanup technologies. Less invasive remediation
strategies—such as treatment using in situ AC applications—
are also typically far less disruptive to communities and
stakeholders than dredging or conventional capping remedies.
Important environmental, economic, and other sustainability
issues can be associated with in situ sediment treatment, such
as low-impact reduction of the bioavailable or mobile fractions
of sediment contaminants through sequestration, improved
recovery time frames, and reduced energy use and emissions
(e.g., carbon; ITRC 2014).

Proper site-specific balancing of the potential benefits,
negative ecological effects, and costs of in situ treatment
relative to othersediment cleanup technologies isimportant to
applying this approach successfully at full-scale. As discussed
in USEPA (2005) and ITRC (2014), at most sites, a
combination of sediment cleanup technologies applied to
specific zones within the sediment cleanup site will result ina

ED_000946_Recollect_00121046-00023



12

Integr Environ Assess Manag 9999, 2014—C Patmont et al.

remedy that achieves long-term protection while minimizing
short-term negative impacts and achieving greater cost
effectiveness. It is evident from the extensive experimental
studies and field-scale projects presented here that when
applied correctly, in situ treatment of sediment HOCs using
sorptive, AC-bearing materials has progressed from an
innovative sediment remediation approach to a proven,
reliable technology. Indeed, it is one that is ready for full-
scale remedial application in a range of aquatic sites.

SUPPLEMENTAL DATA

Figure’S1. Simplified food chain model of insitu treatment.

Figure’S2. Pilotareaand tinesled or tiller application unitsat
lower Grasse River, NY.

Figure’S3. Dry broadcasting and slurry spray applications,
Canal Creek, Aberdeen Proving Ground, MD.

Figure’S4. Vertical distribution of AC in wetland sediments
at Canal Creek, Aberdeen Proving Ground, MD.

Figure’S5. SediMite’ delivery at Mirror Lake, Dover, DE.

Figure’S6. Post-placement surface sediment AC concen-
trations at Mirror Lake, Dover, DE.

Figure’S7. Applied versus measured AC dose at Onondaga
Lake, Syracuse, NY.
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